A. Introduction
===============

Chemical protein synthesis^[@cit1]^ is an established method for accessing well-defined native or modified proteins that are used for studying protein structure and function. In the future, chemical synthesis might be a popular alternative to living systems for protein engineering and optimization through the production of protein libraries. Chemical synthesis is particularly powerful for accessing small proteins (\<150 amino acids).^[@cit2]^ Analysis of domain length distribution in 3D-structure databases reveals that the highest frequency is found for domains composed of ∼80--120 amino acids.^[@cit3]^ Thus, synthetic methods that give simplified access to these protein domains potentially meet a lot of the needs of academic and industrial laboratories involved in the study of protein function.

Native chemical ligation (NCL)^[@cit4]^ of peptide thioesters with cysteinyl (Cys) peptides is the most popular chemoselective amide bond forming reaction for assembling proteins from unprotected peptide segments. The majority of proteins synthesized up to now have been produced using solution phase methods. In recent years, there has been keen interest in simplifying protein assembly while minimizing isolation and purification steps. A dynamic area of research is the conception of one-pot peptide segment assembly schemes, which rely on the development of novel Cys protection strategies,^[@cit5]--[@cit13]^ latent thioester or selenoester surrogates,^[@cit14]--[@cit16]^ or kinetically controlled ligation methods^[@cit17]--[@cit21]^ (and combinations thereof). An alternative approach is to perform stepwise assembly of peptide segments on a water-compatible solid support.^[@cit22]--[@cit27]^ Solid phase synthesis benefits from several advantages over solution phase methods, which have made solid phase peptide synthesis (SPPS^[@cit28]^) successful: it avoids the isolation of poorly soluble intermediates, allows forcing of the coupling conditions and importantly replaces intermediate purifications by simple washing steps. Assembly in the N-to-C direction offers an important advantage over the alternative C-to-N direction, which is self-purification of the incoming peptide segments produced by SPPS ([Scheme 1](#sch1){ref-type="fig"}). The peptide segments II produced by SPPS can be contaminated by shorter acetylated peptides III even after the application of a purification procedure ([Scheme 1A](#sch1){ref-type="fig"}). In the N-to-C direction only a full length peptide segment equipped with the appropriate N-terminal functionality, *i.e.* a functional linker (FL) for segment 1 or Cys residue for the other segments, can be incorporated in the growing polypeptide chain ([Scheme 1B](#sch1){ref-type="fig"}). Acetylated and unreactive peptide impurities are therefore eliminated after each elongation step during the washing steps and the accumulation of truncated polypeptide chains on the solid phase is avoided. The concept of purification by selective capture-and-release has been illustrated by several groups^[@cit24],[@cit29]--[@cit43]^ and recently applied to the solid phase synthesis of MUC1 polypeptides by combining His~6~ tag/Ni-NTA and hydrazone capture methods.^[@cit43]^

![Protein synthesis by assembly of unprotected peptide segments in the N-to-C direction using NCL. (A) Synthesis of the peptide segments by SPPS; (B) general assembly strategy.](c7sc01912b-s1){#sch1}

Although there are significant advantages of assembling proteins by solid phase N-to-C elongation, studies that report such approaches can be counted on the fingers of one hand ([Scheme 1](#sch1){ref-type="fig"}, [Table 1](#tab1){ref-type="table"}). The first reason is the paucity of chemical systems that can act as latent thioesters (LT) during NCL, while being easily activated in a subsequent step (V → VI → VII in [Scheme 1B](#sch1){ref-type="fig"}). The second reason, which is the focus of this report, is the challenge represented by designing appropriate linkers that (i) can be installed on the first peptide segment using conventional Fmoc-SPPS and simple reagents ([Scheme 1A](#sch1){ref-type="fig"}), (ii) allow efficient and chemoselective attachment of the first segment while preserving its C-terminal functionality (IV → V, [Scheme 1B](#sch1){ref-type="fig"}), (iii) are stable during the elongation procedure (V → VIII, [Scheme 1B](#sch1){ref-type="fig"}) and (iv) can be cleaved under mild conditions (VIII → IX, [Scheme 1B](#sch1){ref-type="fig"}). Methods developed so far rely on the use of linkers that require multistep procedures for their synthesis.^[@cit32],[@cit40],[@cit44]^ However, the most striking feature of these approaches is the strong basic (pH 13, [Table 1](#tab1){ref-type="table"}, entries 1 & 2)^[@cit32],[@cit40]^ or nucleophilic (1 M hydroxylamine, pH 7--8.5, [Table 1](#tab1){ref-type="table"}, entry 3)^[@cit44]^ conditions used for the final cleavage step.

###### Linker strategies for solid phase protein synthesis in the N-to-C direction

  Entry           Functional linker (FL)          Attachment method for peptide segment 1   Latent thioester (LT)                        Cleavage                                                          Ref                                                 
  --------------- ------------------------------- ----------------------------------------- -------------------------------------------- ----------------------------------------------------------------- --------------------------------------------------- ----------
  1               ![](c7sc01912b-u1.jpg){#ugr1}   Oximation pH 4                            ![](c7sc01912b-u2.jpg){#ugr2}                Alkylation with bromoacetic acid, pH 4.6                          β-Elimination, aqueous base, pH 13                  [@cit22]
  2               ![](c7sc01912b-u3.jpg){#ugr3}   CuAAC pH 7 or SPAAC pH 2                  ![](c7sc01912b-u4.jpg){#ugr4}                Reduction (TCEP) and exchange by 3-mercaptopropionic acid, pH 4   See entry 1                                         [@cit40]
  3               ![](c7sc01912b-u5.jpg){#ugr5}   CuAAC                                     Note[^*a*^](#tab1fna){ref-type="table-fn"}                                                                     Transimination, 1 M H~2~NOH, pH 7--8.5              [@cit44]
  4 (This work)   ![](c7sc01912b-u6.jpg){#ugr6}   Oximation pH 3--4                         ![](c7sc01912b-u7.jpg){#ugr7}                See entry 2                                                       Transoximation 0.025 M H~2~NOH, 3 M aniline, pH 3   

^*a*^The method was used for the synthesis of large protein mimetics through CuAAC ligation.

We sought to develop a simple and mild traceless linker methodology with the aim of making the solid phase synthesis of proteins more popular. In addition to abiding by the above specifications, an important objective was to avoid multistep synthetic work for linker preparation. The use of an affordable and commercially available reagent would be ideal. Also, the products resulting from linker decomposition must be benign. Thus another significant goal was to avoid the formation of harmful species during cleavage, such as 2-(alkylsulfonyl)ethyloxycarbonyl linkers ([Table 1](#tab1){ref-type="table"}, entries 1--2) that decompose into vinylsulfones.^[@cit32],[@cit40]^

We describe here that the acetoacetyloxime linker shown in [Scheme 2](#sch2){ref-type="fig"} meets all these criteria. Peptides are modified after Fmoc-SPPS by the commercially available acetoacetyl *N*-succinimidyl ester (AcA-OSu) and are attached to the water-compatible solid support through ketoxime bond formation. Traceless cleavage is triggered by transoximation with hydroxylamine at a mildly acidic pH. The resulting acetoacetyloxime (AcAO) undergoes spontaneous cyclization that yields harmless and hydrophilic 3-methyl-5-oxo--iso-oxazoline and the free peptide, which is easily separated. Importantly, we show that the method gives access to large polypeptides and in particular large Cys peptide segments, and thereby considerably facilitates the synthesis of challenging proteins. The utility of the method is illustrated by the total synthesis of a 180 amino acid biologically active protein derived from hepatocyte growth factor (HGF).

![Protein synthesis by assembly of unprotected peptide segments in the N-to-C direction using AcAO linker and NCL. (A) Synthesis of the AcA peptide segment by SPPS; (B) general assembly strategy.](c7sc01912b-s2){#sch2}

B. Results and discussion
=========================

Synthesis of AcA peptides
-------------------------

In order to develop the strategy described in [Scheme 2](#sch2){ref-type="fig"}, we needed to prepare peptide segments featuring a C-terminal bis(2-sulfanylethyl)amido (SEA) group in the form of the cyclic disulfide SEA^off^ and an acetoacetyl group at the N-terminus. The SEA^off^ group serves as a latent thioester surrogate for chain elongation in the N-to-C direction.^[@cit14],[@cit25]^ These bifunctional peptides were produced by two different methods, as shown in [Scheme 3](#sch3){ref-type="fig"}.^[@cit13],[@cit16]^ Succinimidyl acetoacetate (AcA-OSu, commercially available) can be used for modifying the peptidyl resin after Fmoc-SPPS, starting from SEA PS resin **1** ([Scheme 3A](#sch3){ref-type="fig"}, method A). The peptide cleavage and deprotection in TFA is carried out in the absence of triisopropylsilane (TIS), and any standard thiol scavenger is replaced by 3,4-difluorothiophenol to preserve the AcA moiety from degradation during this step.^[@cit13]^ However, using these conditions we observed partial reduction of the Cys(S*t*Bu) disulfide that protects the Cys thiol during the oxidation of the SEA^on^ dithiol into the SEA^off^ cyclic disulfide. Therefore, when the peptide features at least one Cys residue in its sequence, an interesting alternative is to graft the AcA group in solution by NCL using AcA thioester **6**, as shown in [Scheme 3B](#sch3){ref-type="fig"} (method B).^[@cit16]^ This method was used for preparing AcA peptide **7**, whose sequence corresponds to amino acids 128--148 from hepatocyte growth factor (HGF).

![Solid phase (A) and solution (B) synthesis of AcA peptides.](c7sc01912b-s3){#sch3}

Chemoselective ketoxime ligation
--------------------------------

[Scheme 2](#sch2){ref-type="fig"} shows that the attachment of the first segment on the water-compatible solid support relies on the chemoselective formation of a ketoxime bond involving the AcA group and a solid supported hydroxylamine. We chose the aminooxyacetyl functionality that has been extensively used for conjugate synthesis using oxime ligation.^[@cit45]^ The reaction of β-ketoacid derivatives with hydroxylamine has been mainly used in the past as a way to access 5-oxo-iso-oxazolines.^[@cit46]^ Since the AcA group has not been used so far for preparing ketoxime-linked conjugates, we first examined the reactivity of model AcA peptide **8** (AcA-ALKEPVHGA-NH~2~, prepared from Rink resin in a manner similar to that described in [Scheme 3A](#sch3){ref-type="fig"}, see ESI[†](#fn1){ref-type="fn"}) towards ketoxime formation in 6 M Gn·HCl at pH 4 ([Scheme 4](#sch4){ref-type="fig"}).

![Synthesis of acetoacetyloxime (AcAO) peptides in solution.](c7sc01912b-s4){#sch4}

The reaction of AcA peptide **8** with aminooxyacetic acid (1 equiv.) proceeded chemoselectively and efficiently in a few hours. The resulting AcAO peptide **9** was purified by HPLC (71%) and thoroughly analysed by ^1^H and ^13^C NMR (see ESI[†](#fn1){ref-type="fn"}). The NMR spectra for AcAO peptide **9** show the presence of two oxime isomers in a ∼1/1 ratio and a methylene group (^13^C *δ* 39.5, 44.4 ppm) linked to C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000N (^13^C *δ* 159 ppm) and CONH (^13^C 173.6 *δ* ppm) groups, in accordance with the proposed structure for the AcAO moiety. The conditions for ketoxime bond formation proved equally useful for accessing AcAO-peptides **10a--d**, which are equipped with a SEA^off^ latent thioester at the C-terminus.

Having demonstrated the chemoselective formation of an acetoacetyloxime bond in solution we next examined the reaction of AcA peptides **4b** and **7** with the water-compatible solid support **11** ([Fig. 1](#fig1){ref-type="fig"}), which was produced by coupling Fmoc-aminooxyacetic acid to Rink PEGA resin, followed by Fmoc removal using piperidine in DMF. The immobilization of peptide **4b** and formation of peptidyl resin **12b** proceeded to completion in about 10 h at pH 4 and 37 °C, as seen by HPLC analysis of the supernatant in the presence of 2-hydroxy 5-methoxybenzoic acid, which was used as an internal reference ([Fig. 1](#fig1){ref-type="fig"}). The cleavage of peptidyl resin **12b** in TFA formed ketoxime peptide **14b** ([Scheme 5](#sch5){ref-type="fig"}), thereby demonstrating the successful formation of a ketoxime bond in the solid phase.

![Immobilization of AcA peptides **4b** and **7**. Conditions: 0.1 M sodium acetate buffer, pH 4.6, peptide **4b** (38 mM) or peptide **7** (11.9 mM), 1.5 equiv. PEGA resin **11** (0.098 mmol g^--1^), 37 °C. 2-Hydroxy 5-methoxybenzoic acid was used as an internal reference for quantification of the peptides in solution by HPLC (UV detection at 215 nm).](c7sc01912b-f1){#fig1}

![Synthesis of peptide **14b**.](c7sc01912b-s5){#sch5}

Interestingly, the process described in [Scheme 5](#sch5){ref-type="fig"} enabled the purification of a highly hydrophobic peptide segment derived from AS-48 antimicrobial cyclic protein (peptide **3f**, Schemes S1 & S2[†](#fn1){ref-type="fn"}). The segment was equipped with a protected N-terminal Cys residue, three internal *O*-acyl isodipeptide units to favour solubility and a C-terminal thioester group. All these functionalities were stable in the acidic conditions employed for the solid phase capture/release procedure.

The immobilization of AcA peptide **7** proceeded successfully too, albeit with a slower rate due to the lower concentration of the AcA peptide in this experiment ([Fig. 1](#fig1){ref-type="fig"}). Note that only 1.5 equivalents of the hydroxylamine PEGA resin **11** were used for the immobilization step.

Optimization of the tandem transoximation/rearrangement process
---------------------------------------------------------------

Stability studies in solution using peptide **10b** proved the high stability of the AcAO bond in the conditions used for solid phase protein synthesis using SEA^off^ latent thioester chemistry (see later). We therefore concentrated our efforts on the optimization of the cleavage step which relies on a tandem transoximation/rearrangement sequence ([Fig. 2](#fig2){ref-type="fig"}).

![Optimization of the tandem transoximation/rearrangement sequence. (A) Effect of AcOH and hydroxylamine concentration. (B) Effect of aniline catalysis and temperature. (C) Effect of N-terminal residue. (D) Cleavage of peptidyl resins **12b** and **13**.](c7sc01912b-f2){#fig2}

Previous studies showed that the removal of the AcA group in the presence of hydroxylamine is particularly efficient in aqueous acetic acid.^[@cit13],[@cit47]^ Since the transoximation reaction is also subject to acid-catalysis,^[@cit48]^ we first examined the cleavage of model AcAO peptide **10b** in this solvent mixture ([Fig. 2A](#fig2){ref-type="fig"}). Using 0.01 M hydroxylamine at 37 °C, the rate of the cleavage reaction increased by increasing the proportion of acetic acid from 10% to 20%. A further increase to 30% had only a minor effect on the cleavage rate, thus the concentration of acetic acid was fixed at 20% for the rest of this study. Raising the concentration of hydroxylamine from 0.01 M to 0.1 M in 20% aqueous acetic acid favourably impacted the rate of the cleavage reaction ([Fig. 2A](#fig2){ref-type="fig"}). Using 0.1 M hydroxylamine in 20% aqueous AcOH, we next examined the effect of aniline on the cleavage rate ([Fig. 2B](#fig2){ref-type="fig"}). Indeed, aniline is known to catalyze hydrazone and oxime formation and exchange.^[@cit49],[@cit50]^ Therefore, we hoped that the addition of aniline would accelerate the oxime exchange step of the process described in [Scheme 2](#sch2){ref-type="fig"} (XIII → XIV), which is rate limiting, and thus increase the global cleavage rate. Interestingly, the addition of aniline from 0.2 M to 1 M resulted in a significant increase of the cleavage rate (see note [‡](#fn2){ref-type="fn"} [^2]). The pH of the hydroxylamine/AcOH/aniline mixture had no effect on the cleavage rate in the range of 2.3--4.3 (see Fig. S39[†](#fn1){ref-type="fn"}). Thus we selected the mildest conditions, *i.e.* 1 M aniline at pH 4.3 to further study the effect of the temperature ([Fig. 2B](#fig2){ref-type="fig"}). Slightly raising the temperature from 37 °C to 45 °C, using 20% AcOH, 0.1 M H~2~NOH and 1 M aniline, had a significant impact on the rate of the cleavage reaction, which proceeded about 6 times faster than in the absence of aniline at 37 °C. Guanidine hydrochloride (Gn·HCl) had no influence (data not shown).

Importantly, the nature of the N-terminal residue had no significant effect on the rate of cleavage ([Fig. 2C](#fig2){ref-type="fig"}), showing the generality of the method. For example, the cleavage of AcAO peptide **10c** with an N-terminal Ile residue proceeded at a similar rate to the cleavage of peptide **10a** equipped with an N-terminal Gly. The best conditions at this stage (20% AcOH, 0.1 M H~2~NOH and 1 M aniline, pH 4.3, 45 °C, called method A) were further used successfully for cleaving peptidyl resins **12b** and **13** ([Fig. 2D](#fig2){ref-type="fig"}). Note that peptides **15b** and **16** were released in solution at about the same rate. Since the rate of cleavage is not affected by the N-terminal residue to a significant extent (Ala for **15b**, Cys for **16**), it is probably imposed by the concentration of the peptide within the solid support, which is the same for both samples. Pleasingly, peptide **15b** was isolated by HPLC in 82% overall yield (**4b** → **12b** → **15b**).

Solid phase synthesis of K1 domains from HGF
--------------------------------------------

Having established suitable conditions for the chemoselective immobilization of AcA peptides as well as for the cleavage of the AcAO linker, the stage was set for the solid phase assembly of our target proteins ([Table 2](#tab2){ref-type="table"}). These are variants of the HGF Kringle 1 (K1) domain, which contains a high affinity binding site for HGF Receptor Tyrosine Kinase (RTK), also called MET.^[@cit51]^ The first segment equipped with the AcA group was immobilized on the hydroxylamine solid support as described before. The peptide chain was elongated in the N-to-C direction by activating the transformation of the SEA^off^ group into a thioester with an excess of 3-mercaptopropionic acid (MPA) and then performing an NCL reaction in the presence of 4-mercaptophenylacetic acid (MPAA) as described previously.^[@cit14],[@cit25]^ Finally, the peptides were released in solution using method A. This procedure successfully formed K1 domains **17** and **18** (entries 1 and 2, [Table 2](#tab2){ref-type="table"}) with an overall yield of 23--28%, corresponding to an average yield per step of ∼80%. Note that peptide **17** was released in solution at a rate similar to the rate observed for the detachment of peptides **15b** and **16** (compare [Fig. 2D](#fig2){ref-type="fig"} and Fig. S47[†](#fn1){ref-type="fn"}). However, careful inspection of the MALDI-TOF spectra for K1 polypeptides **17** and **18** suggested the presence of a contaminant with +16 mass units (u) relative to the target polypeptide. Nevertheless, peptide **18** was further folded using GSH/GSSG in sodium phosphate at pH 7.4/glycerol (9/1 v/v) to give K1 protein **19**, which was assayed for its capacity to activate the MET receptor in a cell-based assay (see ESI[†](#fn1){ref-type="fn"}). Pleasingly, the folded K1 domain **19** displayed the expected agonistic activity by activating the MET receptor. Moreover, it was as active as an analogue produced by another method (see Fig. S59 in the ESI[†](#fn1){ref-type="fn"}).^[@cit14]^

###### Solid phase synthesis of HGF K1 domains using AcAO linker

  ![](c7sc01912b-u8.jpg){#ugr8}                                                                                                                                                                                                                              
  ------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------- --- -------------------- ---------
  1                               **C**IIGKGRSYKGTVSITKSGI![](c7sc01912b-t1.jpg){#ugt1}QPWSSMIPHEHSFLPSSYRGKDLQEN![](c7sc01912b-t2.jpg){#ugt2}RNPRGEEGGPWCFTSNPEVRYEVCDIPQCSEVK(biotin)-NH~2~                         **17** (83)   A   40                   28 (81)
  2                               **A**IR![](c7sc01912b-t3.jpg){#ugt3}IIGKGRSYKGTVSITKSGI![](c7sc01912b-t4.jpg){#ugt4}QPWSSMIPHEHSFLPSSYRGKDLQEN![](c7sc01912b-t5.jpg){#ugt5}RNPRGEEGGPWCFTSNPEVRYEVCDIPQCSEV-NH~2~   **18** (87)   A   45                   23 (83)
  3                               See entry 1                                                                                                                                                                         **17** (83)   B   \< Detection limit   21 (73)

^*a*^Elongation cycle: (1) SEA^off^ → MPA thioester: 6 M Gn·HCl, TCEP, 5% vol HSCH~2~CH~2~CO~2~H, pH 4.0, 37 °C, 24 h; (2) NCL: 6 M Gn·HCl, MPAA, pH 7.2, 37 °C, 24 h (see [@cit25]).

^*b*^The formed junctions are underlined. The residue modified by the AcA group is indicated in bold.

^*c*^Method A: 20% AcOH, 0.1 M H~2~NOH and 1 M aniline, pH 4.3, 45 °C. Method B: 20% AcOH, 0.025 M H~2~NOH and 3 M aniline, pH 3.0, 45 °C.

^*d*^The proportion of the by-product was estimated by high resolution ESI MS.

^*e*^Overall yield starting from AcA segment 1. Isolated by HPLC.

To clarify the origin of the contaminant in the K1 polypeptides, we analysed polypeptides **17** and **18** and protein **19** by high resolution mass spectrometry (HR MS). Furthermore, K1 polypeptide **18** was subjected to proteomic analysis after reduction with DTT, alkylation with iodoacetamide and trypsin digestion. HR MS spectra confirmed the presence of a byproduct with +16 u relative to the target peptide in all three peptides. The proportion was estimated to be ∼40% on the basis of the HR MS spectra ([Fig. 3A](#fig3){ref-type="fig"}) but was less (∼20%) based on MALDI-TOF analysis. The proteomic analysis of polypeptide **18** ruled out the possibility of Met oxidation. However, a precise site of modification could not be identified.

![HR MS and MALDI-TOF analysis of peptide **17**. (A) Method A; (B) method B.](c7sc01912b-f3){#fig3}

Hydroxylamines are popular reagents in the field of protein chemical synthesis.^[@cit5],[@cit44]^ However, hydroxylamines are strong nucleophiles that can react with carboxylic acid derivatives such as esters^[@cit52]^ and thioesters.^[@cit53]^ Much less discussed is the reaction of hydroxylamines with amides. Nevertheless, the capacity of hydroxylamine to react with primary amides^[@cit54]^, and in particular Asn and Gln side-chains, has been mentioned in the past.^[@cit55],[@cit56]^ For example, the formation of hydroxamate derivatives of Asn and Gln residues has been observed by Canova-Davis and coworkers during the hydroxylamine cleavage of a fusion protein of human insulin-like growth factor I (IGF-I).^[@cit55]^ Since K1 polypeptides contain 7 or 8 primary amide groups, we suspected that the origin of the +16 u side-products was the formation of hydroxamates by the reaction of hydroxylamine with Asn and Gln side-chain carboxamides (see note [§](#fn3){ref-type="fn"} [^3]). For a proportion of the +16 u side-product of 20--40% and if we assume a random attack of Asn/Gln residues, the proportion of hydroxamate impurity per Asn/Gln residue is ∼2.5--5%. This may explain why the modifications could not be mapped by proteomic analysis.

Faced with this problem, we optimized the cleavage protocol further to minimize hydroxamate side-product formation (see note [¶](#fn4){ref-type="fn"} [^4]). To make a long story short, decreasing the pH from 4.3 to 3.0 and the concentration of hydroxylamine from 0.1 M to 0.025 M was found to significantly decrease hydroxamate formation, while raising the concentration of aniline from 1 M to 3 M allowed the rate of cleavage to be maintained close to that under the initial conditions (see Fig. S44 in the ESI[†](#fn1){ref-type="fn"}). Under these new conditions (method B), peptide **15b** was isolated by HPLC with a 64% overall yield (**4b** → **12b** → **15b**). To our delight, peptide **17** was resynthesized using this novel protocol with a similar overall yield (entry 3, [Table 1](#tab1){ref-type="table"}) and importantly without being contaminated by +16 u impurities ([Fig. 3B](#fig3){ref-type="fig"}). The HPLC profiles for the crude and purified protein **17** can be found in Fig. S51 in the ESI.[†](#fn1){ref-type="fn"}

Total synthesis of a biotinylated NK1 domain from HGF by a mixed solid phase/liquid phase approach
--------------------------------------------------------------------------------------------------

The possibility of accessing large peptide segments such as K1 polypeptide **17** in high purity and good yield facilitates the total synthesis of challenging proteins. To illustrate this point we assembled biotinylated NK1 protein **NK1-B**, which is made of 180 amino acids. NK1 is a natural variant of HGF, a growth factor that triggers strong phenotypes in epithelial cells such as proliferation, migration, survival or morphogenesis through MET RTK activation. Strong agonists of the MET receptor have potential applications in regenerative medicine. Indeed, HGF is poorly active *in vivo* due to limited diffusion within tissue and rapid degradation by proteolytic enzymes. NK1 is a good agonist, although it is significantly less potent than HGF. Nevertheless and in contrast to HGF, NK1 analogues are promising candidates for *in vivo* applications such as organ regeneration. Therefore, a method that can give access to NK1 derivatives is of utmost interest for protein optimization. Synthetic **NK1-B** was produced by combining peptide segments **20**, **21** and K1 polypeptide **17** (1 equiv. of each) by a sequential one-pot NCL/SEA ligation process ([Scheme 6](#sch6){ref-type="fig"}). The efficiency of the process is illustrated by [Fig. 4A](#fig4){ref-type="fig"}, which corresponds to the LC-MS analysis of the crude one-pot mixture. To our delight, **NK1-B** polypeptide was isolated with a 35% yield after HPLC purification ([Fig. 4B](#fig4){ref-type="fig"}). The global yield of the synthesis, which includes the solid phase synthesis of K1 domain **17**, was 7.4%.

![Total synthesis of a biotinylated HGF NK1 domain (180 amino acids).](c7sc01912b-s6){#sch6}

![Total synthesis of **NK1-B** polypeptide. (A) HPLC of the crude mixture after one-pot assembly. (B and C) LC-MS of purified **NK1-B**. We noticed that multicharged ions tend to decompose upon ESI-MS analysis. (D) **NK1-B** was resolved on a NuPAGE (12--4% gradient) polyacrylamide gel. Proteins were fixed in methanol/acetic acid solution (40%/8%) and stained overnight with Coomassie Blue (Brilliant blue R 250). MW: molecular weight ladder. (E) Western blot of MCF10A cells signaling analysis upon **NK1-B** stimulation. Cells were treated for 10 min with 100 pM mature HGF/SF (HGF) or 50--100 nM **NK1-B**. Cell lysates were then analyzed by SDS-PAGE using specific total or phospho MET, ERK or AKT antibodies. Ctrl: vehicle, MW: molecular weight.](c7sc01912b-f4){#fig4}

Recently, we produced **NK1-B** polypeptide by another route which combined latent thioester and selenoester chemistries. **NK1-B** was assembled by performing several one-pot reactions, thereby saving several intermediate purification steps, with a global yield of 6.7%. Although this assembly strategy was highly efficient, the difficulty in accessing some of the peptide segments limited the scale of the synthesis and thus the quantity of the protein produced at the end (∼140 μg). In the present work, the overall yield was only slightly improved (7.4%) but the quantity of **NK1-B** polypeptide obtained (1.8 mg) was 10-fold higher. This is due to the simplicity of the mixed solid phase/solution phase approach and the use of peptide segments that are easier to produce.

The folding of **NK1-B** was expected to be challenging due to the presence of five disulfide bonds in the protein (two in the N domain and three in the K1 domain) and a *cis* peptide bond to proline 157 in the K1 domain. In a preliminary experiment, the **NK1-B** linear precursor was folded using GSH/GSSG in sodium phosphate at pH 7.4/glycerol (9/1 by volume) at 4 °C. LC-MS monitoring of the folding mixture showed the formation of a --10 u product along with misfolded aggregates which precipitated and resulted in a low yield after dialysis. Nevertheless, the dialyzed **NK1-B** protein showed a single band by SDS-PAGE with Coomassie blue staining ([Fig. 4D](#fig4){ref-type="fig"}), and to our delight was found to activate the MET receptor through its phosphorylation (P-MET) and downstream signalling pathways (phosphorylated ERK and AKT, P-ERK and P-AKT, respectively) at low concentrations (50--100 nM) in two different cell types, MCF10A cells ([Fig. 4E](#fig4){ref-type="fig"}) and HeLa cells (see ESI[†](#fn1){ref-type="fn"}). These results are highly encouraging and more work is now in progress to improve the folding step and exploit the C-terminal biotin group for fundamental studies that aim to clarify the mechanism of action of this protein.

C. Conclusions
==============

The acetoacetyloxime linker methodology reported here can be set up easily since the reagents are commercially available and affordable. The cleavage protocol has been thoroughly optimized to minimize the side-reaction of hydroxylamine with Asn or Gln side chain carboxamides. The tandem transoximation/rearrangement sequence in the presence of hydroxylamine results in the cleavage and self-immolation of the linker. The method is insensitive to the nature of the N-terminal residue and was validated by the synthesis of a large Cys peptide, which was subsequently used to assemble **NK1-B** protein in a one-pot process. By using this mixed solid phase/solution assembly strategy, the global yield was significantly improved in comparison with a previous solution approach. We believe that combining solid phase and solution assembly strategies and the powerfulness of NCL and related ligations will considerably facilitate the synthesis of challenging proteins. We show also that the acetoacetyloxime linker enables the purification of complex peptide segments equipped with all the functionalities required for further ligation work.
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[^1]: †Electronic supplementary information (ESI) available: Synthetic protocols and characterization for all compounds. See DOI: [10.1039/c7sc01912b](10.1039/c7sc01912b) Click here for additional data file.

[^2]: ‡Since aniline catalyzes the transoximation of acetoacetoximes, it can probably catalyze the attachment of the first segment to the solid support (XI → XII in [Scheme 2](#sch2){ref-type="fig"}).

[^3]: §In Canova-Davis's work, the chemical heterogeneity induced by hydroxylamine treatment did not affect the biological activity of IGF-I. Similarly, the biological activity of K1 domain **19** was not affected by the presence of the +16 u side-products.

[^4]: ¶Unfortunately, the use of acetamide as a cosolvent and competitor for primary amides favoured hydroxamate formation.
